Polycyclic hydrocarbons are environmental pollutants which are formed by incomplete combustion of organic matter. Many of them are known to be carcinogenic. One important mechanism for their carcinogenic effects is through metabolism to diolepoxides, especially those diolepoxides where the epoxide group lies within the 'bay region' formed by angular annellation of three benzene rings (1) . The hydrocarbon metabolites shown in Figure 1 are all of this type. In principle they can be formed metabolically as a mixture of four different stereoisomers (designated as (+)-and (-)-syn-and (+)-and (-)-anri-isomers). These diolepoxides are reactive aralkylating agents, and exert their biological effects by stable DNA adduct formation. This proceeds predominantly at the exocyclic amino groups of the guanine and adenine bases by cis and trans opening of the oxirane ring at the benzylic position.
A subset of these diolepoxides has a substituent opposite the epoxide group, either a methyl group (as in 5-methylchrysene diolepoxide, VIII in Figure 1 ) or another benzene ring (as in benzo[c]phenanthrene diolepoxide, HI; the bay of such a molecule is known as a 'fjord region'). Instead of hindering the activity of these compounds as DNA aralkylating agents and carcinogens, the substituent appears to enhance it, for such compounds are generally more potent (2,3) than isomers where
•Abbreviations: EFPS, electrofluorescence polarization spectroscopy; BaPDE, 7,8-dihydroxy-9,10-epoxy-7,8,9,IO-tetrahydrobcnzo[a]pyrene (I in Figure 1 ); BcPhDE, 3,4-dihydroxy-l,2-epoxy-l,2,3,4-tetrahydrobenzo-[c]phenanthrcne (III); CDE, 3,4-dihydroxy-l,2-epoxy-l,23,4-tetrahydrochrysene (VII); BcCDE, 9,10-dihydroxy-l 1,12-epoxy-9,10,11,12-tetrahydrobenzo[c]chrysene (II).
the 'bay region' is unsubstituted (comparing ITI with VII or VIII with IX). The reason for this is not entirely clear; it may be that the severe strain in such compounds renders the epoxide more reactive towards DNA, or that they react at different sites in DNA. Thus benzo[c]phenanthrene diolepoxides aralkylate the adenines in DNA to a much greater extent than those of benzo[a]pyrene or benz[a]anthracene (4-7). Alternatively, the adducts formed in DNA by these diolepoxides may have a different conformation to those formed by other epoxides, because of crowding around the site of attachment to DNA.
Many studies have been made of the conformation in solution of anfi-benzo [a] pyrene diolepoxide adducts in DNA using optical methods (8) (9) (10) (11) or two-dimensional NMR spectroscopy (12) (13) (14) . The main product, derived by reaction of the (+)-enantiomer with the exocyclic amino group of guanine, has the pyrene nucleus lying in the minor groove of the helix (8, 9, 12, 14) . Other products, derived mainly from the (-)-enantiomer, have a variety of conformations, some with the pyrene in the minor groove, and some where the pyrene nucleus is nearly perpendicular to the axis of the DNA, and presumed to be intercalated (8, 9, 13) .
The conformation of other diolepoxide adducts in DNA has been less widely studied. The technique of electrofluorescence polarization spectroscopy (EFPS*) allows the investigation of these structures; the theory (15,16) and experimental details (17, 18) of this technique have been described in detail elsewhere. Essentially, the technique uses changes in polarization of fluorescence from the bound diolepoxide which occur when the carrier DNA is oriented under the influence of an externally applied electric field. Under certain conditions, measurements of these changes may be used to determine the angle between the absorption and emission moments (within the diolepoxide) and the orientation direction of the DNA (i f f and if/ respectively). Careful selection of the excitation wavelength, and the nature of the applied electric field pulse can result in a determination of the angle between the long axis of the diolepoxide and the DNA helical axis. The technique was first applied to the major adducts of benzo[a]pyrene, benzanthracene and 3-methylcholanthrene diolepoxides with DNA; the measured angles were 52°, 55° and 55° respectively (16) . These values were consistent with data from other groups working with these compounds, and showed that in each case the aromatic nucleus was not intercalated into the stack of DNA bases, but probably lying in the minor groove of DNA.
We now have applied the method to DNA adducts derived from the other diolepoxides shown in Figure 1 , to see whether the sterically crowded ones would yield different results from those already examined.
The diolepoxides of benzo dissolved in 0.5 ml warm methanol; the benzo[c]chrysene diolepoxides were poorly soluble, and only the lower concentrations were used. The solution was added to a solution of 3 mg salmon testis DNA in 1.5 ml, 0.1 M sodium cacodylate buffer, pH 6. The mixture was incubated at 37°C for 2 h, then the epoxide and its hydrolysis products were removed by extraction 10 times with 2 ml ether. DNA was precipitated from the aqueous phase with ethanol containing 3% ammonium acetate, washed and dried. Reactions with synthetic DNA were done similarly, but in smaller quantities, e.g. 5 OD units (~0.3 mg) poly dA.poly dT reacted with 0.1 mg diolepoxide in 0.2 ml aqueous buffer and 0.1 ml methanol. In order to determine the concentration of bound diolepoxide in each sample, the DNA (~1 mg) was dissolved in water, acidified with HC1 (to 0.1 M) and heated to 70°C for 30 min to liberate adenine and guanine derivatives as bases. The mixture was applied to a Sep-Pak C18 column (Waters, Watford, UK) and eluted with 1 ml aliquots of water/methanol, of increasing methanol content. The 60-80% methanol fractions contained diolepoxide adducts, which were quantified by their UV absorbance (approximate molar extinction coefficients of adducts of BaPDE, 42 000 at 344 nm; BcPhDE, 70 000 at 253 nm; BcCDE, 16 000 at 328 nm; CDE and MeCDE, 285 at 350-355 nm).
Each diolepoxide-DNA adduct was in turn dissolved in ultra-pure water, to give a concentration of ~ 100 |xg/ml, and EFPS measurements made. The results are shown in Table I . First, we looked at salmon testis DNA containing adducts 606 derived from racemic arc/(-benzo[a]pyrene diolepoxide, to see how the results would compare with previous electrofluorescence results (16) . The angles obtained here (iff = 57° ± 1°, if/ = 54° ± 2°) are larger than those obtained earlier (52° ± 3°, 45° ± 6°), but perhaps not significantly so, given the lower accuracy of those earlier results. Also, we used a lower excitation wavelength (300 nm not 350 nm), and the absorption moment of the pyrene nucleus may vary slightly with wavelength, leading to small differences in the angle iff.
We also repeated this experiment with DNA treated with different doses of this epoxide, and having various levels of bound benzo[a]pyrene. Within the range 11-33 molecules per 1000 DNA bases, similar results were obtained at each level.
The structure of a/i/i-benzo[a]pyrene diolepoxide adducts in DNA has been studied by a variety of methods (22) . The conclusion of most authors is that the major adduct, formed by fra/w-addition of the amino group of guanine to the (+)-enantiomer of the epoxide, has a structure in which the pyrene nucleus lies in the minor groove of DNA. According to a recent study employing proton NMR spectroscopy and computer modelling, when this adduct is situated in an oligonucleotide flanked by deoxycytidine residues, the pyrene lies at an angle of 45° to the helical axis (12) . The other products of reaction (15% of total) have different conformations, including some which approximate to intercalation (9) . Our observed average angle of 57° for the mixture of anti-BaPDE adducts is consistent with these observations.
The assay was more difficult to perform with benzo[c]phen- "Number of polycyclic hydrocarbon molecules bound per 1000 DNA bases. b Angles between the absorption moment and the DNA helix axis, at excitation wavelength of 300 nm or 330 nm. Standard errors are <1°. c Angles between the emission moment and the DNA helix axis, at emission wavelengths >360 nm Standard errors are <2°. These angles are more difficult to interpret in terms of molecular structure.
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anthrene diolepoxide-treated DNA, because this fluorophore, a phenanthrene nucleus, is at best 30 times less fluorescent than the pyrene nucleus of benzo[a]pyrene diolepoxide. It also absorbs only at shorter wavelengths, so that excitation by an argon ion laser (combined 351 nm and 364 nm), as used in earlier experiments, was no longer possible. To get meaningful results, it was necessary to use more highly modified DNA and UV lamp excitation. The values of iff obtained (Table I) were between 55° and 56° for three of the isomers of benzo[c]phenanthrene diolepoxide, and significantly higher for the (-)-syn-isomer.
Each of these isomers reacts with both adenine and guanine bases in DNA, so the measured angles are expected to be the average of angles for BcPhDE-dAdo and BcPhDE-dGuo adducts. In an attempt to measure these separately, we treated the synthetic polynucleotide duplexes poly(dA-dT) and poly(dG-dC) with each isomer of the epoxide, and studied the alignment of the reacted polymers as with natural DNA. The experiments with poly(dG-dC) were unsuccessful, for unknown reasons; the results with poly(dA-dT) are recorded in Table I . The values of iff were 2°-4° greater than those observed in natural DNA, implying that the phenanthrene nuclei in BcPhDE-dAdo adducts are inclined at a larger angle to the helix axis than those of BcPhDE-dGuo adducts.
Possibly because of their low fluorescence intensity, the products of reaction of benzo[c]phenanthrene diolepoxide with DNA have not been studied before by optical methods. NMR (23, 24) and enzyme degradation (25) studies of oligonucleotide duplexes containing single adenine adducts showed that both (+)-and (-)-trans-anti-BcPhDE adducts had the phenanthrene nucleus intercalated between two DNA bases, in contrast to the results with benzo[a]pyrene. If the adenine adducts in antiBcPhDE-reacted poly(dA-dT) are similarly intercalated, one would expect the angle of inclination of the phenanthrene nucleus to the DNA axis to be in the 60°-90° region. The values of iff recorded here, 58° and 59°, are too low for an intercalated species, and too high for a molecule lying in the minor groove of a regular DNA helix. They indicate that whatever the conformation of the adduct, it must be altering the DNA structure, by bending or opening up the helix.
The values for iff for benzo[c]phenanthrene diolepoxidetreated natural DNA are consistent with a mixture of guanine adducts whose phenanthrene groups are in the minor groove, and adenine adducts which are partly intercalated. However, there is no simple correlation between these angles and the proportion of reaction on adenine. The percentage reaction at adenine (A/(A+G)) is 80-90% for the (+)-syn isomer, and 40-60% for the other three isomers (4, 26) ; in our results, it is the (-)-svn-isomer which gives a different result from the others. Nor do these values for iff correlate with the relative potency of the four isomers in biological tests. In their ability to initiate tumours in newborn mouse lung, for instance, the (-)-a«n-isomer is highly tumorigenic, the (+)-anti-and the (-t-)-yyn-isomers less so, and the (-)-^yn-isomer inactive (27) . The products from benzo[c]chrysene diolepoxide, having a chrysene chromophore, were more fluorescent than those from benzo[c]phenanthrene and more importantly, absorbed at longer wavelengths. This allowed us to use an excitation wavelength of 330 nm, near one of the absorbance maxima (~327 nm) and away from the region in which DNA itself absorbs. Of the values for iff obtained at this wavelength, that for (-)-yyn-BcCDE was significantly greater, and that for (+)-an/i-BcCDE significantly less than the other two. Qualitatively similar results were obtained at 300 nm, but each value for ^was 2°-3° lower at this wavelength, indicating differences in the absorption moment of the aromatic nucleus at different wavelengths.
The results with benzo[c]chrysene diolepoxide were similar to those with benzo[c]phenanthrene diolepoxide, except that the results quoted in Table I were obtained at lower levels of reaction and a higher excitation wavelength, resulting in higher values for iff. Again, the values are intermediate between those expected for an intercalated aromatic nucleus and one lying in the minor groove. The relative extents of reaction at adenine and guanine have not yet been determined. Table I also shows the values for iff obtained from DNA aralkylated by chrysene diolepoxide and two of its methylated derivatives, each ~53°, typical of external (groove) binding. A value of 45 "M8" has been reported for DNA treated with the (+)-isomer of 5-methylchrysene diolepoxide (28) . According to our measurements, the presence of a methyl group close to the epoxide ring appears to make no difference to the conformation of the principal adducts. However, a recent NMR study of the structure of an oligonucleotide containing a (-)-anfi'-5-methylchrysene-dG adduct indicated that the chrysene moiety was positioned in the minor groove and concluded that the presence of the 'bay-region' methyl group caused the DNA helix to bend by -47° (29) .
The electrofluorescence technique has proved particularly useful for probing the interactions between molecules such as diolepoxides with DNA. Unlike a number of other techniques it provides a quantitative determination of the geometry of binding of these molecules, in solution, providing that the absorption moment and alignment directions of the respective molecules are known. The technique is capable of resolving small differences in binding geometry, doing so rapidly, and so is well suited for determining geometry differences between isomers such as are discussed in this paper.
